Interdot Coulomb interactions and collective Coulomb blockade were theoretically argued to be a newly important topic, and experimentally identified in semiconductor quantum dots, formed in the gate confined two-dimensional electron gas system. Developments of cluster science and colloidal synthesis accelerated the studies of electron transport in colloidal nanocrystal or quantum-dot solids. To study the interdot coupling, various sizes of two-dimensional arrays of colloidal PbSe quantum dots are self-assembled on flat gold surfaces for scanning tunneling microscopy and scanning tunneling spectroscopy measurements at both room and liquid-nitrogen temperatures. The tip-to-array, array-to-substrate, and interdot capacitances are evaluated and the tunneling spectra of quantum-dot arrays are analyzed by the theory of collective Coulomb blockade. The current-voltage of PbSe quantum-dot arrays conforms properly to a scaling power law function. In this study, the dependence of tunneling spectra on the sizes (numbers of quantum dots) of arrays is reported and the capacitive coupling between quantum dots in the arrays is explored.
Introduction
With the help of the semiconductor technology, including epitaxial growth and lithography techniques, to explore the system of a two-dimensional electron gas (2DEG) in the past three decades, atom-like semiconductor quantum dots (QDs) have been fabricated and measured to reveal single electron changing and artificial-atom states [1, 2] . Although the quantum size, quantum confinement, effect was proposed [3, 4] and experimentally established with the aid of developments in cluster science and physical growth [5] , making crystalline particles was more recently achieved by a chemical synthesis [6] for studies of the fundamental properties of small-size objects. Colloidal synthesis with size-selective sieves is an advantageous way to manipulate the composition, size, shape, and internal structure of a large quantity of monodispersed nanocrystals or semiconductor QDs [7] . A narrow size distribution facilitates the observation of the effects of size on the optical and magnetic properties, and self-assembly to form QD films and solids. In addition, Coulomb blockade (single electron charging) and artificialatom states have been discovered in a single crystalline metal cluster [8, 9] or semiconductor QD [10] [11] [12] using scanning tunneling microscopy (STM). As for 2DEG QDs in which interdot Coulomb interactions and tunnelings can be regulated by gate voltage [13, 14] , interdot coupling in colloidal QDs, derived from organic molecules, has been adjusted through pressure and removal of capping ligands [15, 16] . The study of changes in the electrical and optical properties due to interdot coupling can support the tailoring of functional colloidal QD solids.
At low enough temperatures, a single QD manifests itself in current-voltage (I -V ) in either the Coulomb blockade or the atom-like region, or both. The self-assembled QDs, QD solids or films, may expose collective behavior of either the Coulomb blockade or the artificial-atom states when the interdot coupling is taken into consideration. On the other hand, QD solids or films at a high temperature, at which quantum effects are totally destroyed by thermal fluctuation, could exhibit either an electron hopping or a thermally activated transport [17, 18] . The collective behavior of electrons in the Coulomb blockade region has been experimentally demonstrated in systems of 2DEG QD [19] , and of metal island [20] , arrays. In addition, Middleton and Wingreen [21] proposed a model (MW model) to describe collective transport in arrays of small metallic dots in the Coulomb blockade region. They suggested a stray field to induce different polarization charges in QDs and to render a quenched disorder. The disorder leads to a threshold voltage V th below which the current is suppressed. At voltages well above V th , they predicted that the current through the QD array will behave as a power law function of a reduced voltage (V /V th − 1) with a scaling exponent ζ . They calculated the dependence of V th and ζ on the dimension of, and the interdot coupling in, the array. Recently, collective transport in the Coulomb blockade region has been experimentally inspected in quasi-one-dimensional wires [22, 23] , two-dimensional films [24, 25] , and threedimensional solids [26, 27] self-assembled by colloidal QDs.
In our previous study, we have analyzed I -V 's of PbSe QD arrays based on the semiclassical orthodox theory [28] . Here, we report the size dependent tunneling spectra of selfassembled PbSe QD arrays using STM and current image tunneling spectra (CITS) at both room and liquid-nitrogen temperatures. We adopted the MW model to analyze the tunneling spectra of colloidal QD arrays. To deviate from the parallel array, in which the current is parallel to one of its two dimensions, as proposed in the MW model, we will study the electron transport of perpendicular arrays, having a current flow perpendicular to both the two dimensions of the arrays.
Experimental details
A high-temperature organic solution approach and a sizeselection procedure were employed in the synthesis of colloidal PbSe QDs [7, 28, 29] . The as-synthesized QDs, capped with both oleic acid and trioctylphosphine (TOP), were scrutinized by a transmission electron microscope (JEOL JEM-2010F) to check their shapes, structures, and sizes [29] . The PbSe QDs appear as a single crystalline structure with either a spherical or cubic shape. Their sizes possess a narrow distribution with an average diameter of 14.6 nm and a standard deviation of 17%. After material characterizations, PbSe QDs were dispersed in the toluene solvent using ultrasonic vibration. Several drops of the dilute QD solution were deposited on a flat gold surface which was prepared by melting a 2 mm diameter gold wire and by quenching in air. Through adjusting the self-assembly conditions, such as the substrate temperature and the concentration of QD solution [30] , different sizes of two-dimensional islands made of PbSe QDs can be formed on the gold substrate after the toluene solvent has evaporated. The self-assembling behavior was checked with an atomic force microscope (Seiko Instruments Inc. SPA-300HV) and a field-emission scanning electron microscope (JEOL JSM-7000F). The as-prepared sample containing QD islands was loaded into a preparation chamber of a low-temperature STM (Omicron LTSTM) and annealed overnight at 150
• C in an ultrahigh vacuum of ∼1×10 −10 Torr. Subsequently, the sample was transferred to the main chamber for performing the STM measurements. An electrochemically etched tungsten tip was used in our experiment. All STM topography images of QD arrays were carried out in a constant current mode with the scanning parameters of a sample bias voltage V s = 2.5 V and a set-point tunneling current I t = 0.15 nA. CITS data ramped from 1.5 to −1.5 V with 200 steps were acquired with the bias voltage turned down to V s = 1.5 V. The STM images and CITS data were recorded at both room temperatures and 78 K. A characteristic I -V of a PbSe QD array is an average of several thousands of CITS data. The I -V was analyzed and fitted by the Levenberg-Marquardt nonlinear least squares method [31] .
Results and discussion
Before annealing in an ultrahigh vacuum, PbSe QDs form a monolayer of two-dimensional islands demonstrating either disordered clusters or locally regular arrangements. The as-deposited QD islands seem to be mobile and cause a blurred image under the scanning measurements of STM. After annealing and removal of excess capping agents, the QD islands are organized as two-dimensional arrays and fixed on a flat gold surface to stabilize the STM scans. Figure 1 (a) shows a two-dimensional PbSe QD array with 229 QDs on the Au(111) surface. The arrays appear as a hexagonal or, sometimes, a square lattice in two dimensions and have a rounded shape. The average number of nearest neighbors of the PbSe QD in the arrays is about 6. In order to distinguish either electron tunneling or direct contact in forming conduction channels among PbSe QDs, the separation distance between the QDs is estimated: the STM topography image is transformed to a two-dimensional Fourier image like that shown in the inset of figure 1(b) ; the radially average intensity of the fast Fourier transform image is calculated and displayed in figure 1(b) to give a peak which indicates a spacial periodicity of ∼16.3 nm between the centers of two PbSe QDs. In particular, the fast Fourier transform image in the inset of figure 1(b) clearly exhibits 6 dots, symptomatic of a hexagonal lattice. Since the average diameter of the PbSe QDs is 14.6 nm, the separation distance between two PbSe QDs is evaluated to be 1.7 nm, which is about two layers of organic molecules of the TOP and oleic acid. Using a parallel plate capacitor model with the interdot spacing 1.7 nm and taking the QDs as cubic with one side 14.6 nm, we can judge the interdot capacitance to be about 2.26 aF. The interdot capacitance gives a Coulomb charging energy of 35.4 meV, which is still higher than the room-temperature thermal energy of ∼25 meV, so the interdot coupling should be observable. On the other hand, the STM tip-to-array and the array-to-substrate capacitances are evaluated to be about 0.05 and 0.08 aF, respectively, according to the double-barrier tunnel-junction model [28] . The small value of the tip-to-array and arrayto-substrate capacitances result in a high Coulomb charging energy and points to a collective Coulomb blockade region for our system, PbSe QD arrays, even at room temperatures. In addition, the QD diameter is comparatively large. We have only observed artificial-atom states on I -V 's at 5 K, so we believe that the PbSe QDs are still in a Coulomb blockade region at both room temperatures and 78 K. and a nonlinear least square fitting curve (a solid line) to demonstrate that our I -V data are in concordance with the scaling law proposed in the MW model. The parameters, the threshold voltage V th and scaling exponent ζ , can be estimated after fitting. The threshold voltage V th = 0.49 V seems to be in line with a Coulomb blocking voltage from the tip-toarray and array-to-substrate capacitances. Furthermore, the estimated scaling exponent ζ = 2.31 is in the range of those obtained from two-dimensional arrays [24, 25] , which give ζ between 2.2 and 2.7, and it is smaller than those evaluated from three-dimensional [26, 27] arrays (2.5 < ζ < 4.5). Figure 2 (c) illustrates how an electron transports from the STM tip to the flat gold surface and through a PbSe QD array. The polarization, residual charges on QDs could be different so as to render a quenched disorder of polarization charges in the array. As an electron tunnels from the STM tip to the QD array, it will tunnel to a QD having far less polarization charge in order to reduce the Coulomb charging energy. In addition, as compared with the tip-to-array and array-to-substrate capacitances, the interdot capacitance is two orders of magnitude larger to have a smaller Coulomb charging energy. The electron could tunnel to a nearest neighbor QD to reduce the high Coulomb charging energy in the PbSe QD situated in between the STM tip and the gold substrate. As pointed out in the MW model [21] , a comparatively large interdot capacitance gives rise to a long screening length in the QD array and a decrease in the threshold voltage V th per QD. When the bias voltage is higher than V th , the electron will find the best way, shunting high charging energy, to transport between the STM tip and the substrate. When more and more current paths are opened with an increasing bias voltage, the I -V will follow the proposed power law function. In the following paragraph, we will see the size dependence of V th and the scaling exponent ζ after the onset of a tunneling current.
Characteristic I -V 's of PbSe QD arrays with various numbers of QDs were obtained at both room temperature and 78 K, and the data were fitted with the power law function I ∝ (V − V th ) ζ to extract the V th and ζ . Figures 3(a) and (b) show the V th and ζ dependences on the array size as well as the number of QDs at room temperatures. As the QD number of the array rises from 1 to 80, the threshold voltage V th gradually decreases and the scaling exponent ζ goes up slightly. A large interdot capacitance implies a strong coupling between the QDs and a long screening length in the PbSe QD array, so the addition of extra QDs could be used to examine the reduction in V th due to the interdot capacitive coupling. From about 0.7 V for a single QD, the V th drops to 0.5 V for an array containing 71 PbSe QDs. Meanwhile, ζ goes up in value from about 2.1 to 2.3, suggesting more current paths opened in a high bias voltage with the addition of PbSe QDs into the array. The dependence of both V th and ζ on the array size seems to be in line with the theoretical arguments of the MW model. In addition, the V th and ζ estimated at room temperature are scattered and we thus repeat our experiments at 78 K and display the V th and ζ in figures 3(c) and (d), respectively. The scattering in the V th and ζ is, in particular, abated for data taken at 78 K due to the reduced thermal fluctuation. Before we go ahead to discuss the low-temperature data, we should address the quantitative validity of our data. Figures 3(a) and (b) present a rather large standard deviation in V th and ζ and, thus, the least square fitting line can only give a rough tendency. The data shown in figures 3(c) and (d), however, demonstrate a noticeable decrease and an increase in the V th and ζ , respectively. The variation trend, which is in agreement with the room-temperature data, is much clearer since the change in the V th and ζ as a function of a QD number is larger than the value of the standard deviations. We consequently confirm that our data can give a quantitative validity to examine the theoretical model. Additionally, it is noteworthy that the V th and ζ at 78 K still reveal appreciable error bars, possibly resulting from the size distribution of PbSe QDs.
The single QD V th and ζ taken at 78 K shift to about 0.8 V and 1.9 (figures 3(c) and (d)) in comparison with V th = 0.7 V and ζ = 2.1 at room temperatures (figures 3(a) and (b)). We believe that a small thermal fluctuation helps to widen the Coulomb blocking voltage (V th ) and to reduce the thermally excited current paths (ζ ). For the data taken at 78 K, the V th decrease from 0.8 to 0.6 V while the ζ increase from 1.9 to 2.2 when the QD number of the array increases from 1 to 220. The size dependency at 78 K conforms to that observed at room temperature when the QD number of the array is less than 100. In addition to the change in the V th and ζ as a function of the QD number, we notice, as well, a saturation trend in both the V th and ζ for PbSe QD arrays containing a number of QDs larger than 100. The result seems to agree well with the theoretical argument of a strong interdot coupling, resulting in a long capacitive screening length. When the QD number or size of the array is comparatively larger than the screening length, the collective Coulomb blockade effect will not be altered further and both the V th and ζ will reach saturated values. The limit of collective transport appearing in a finite screening length is revealed for the first time.
Conclusions
Using the low-temperature STM, tunneling spectra of various sizes of two-dimensional self-assembled PbSe QD arrays have been measured on flat gold surfaces at both room temperature and 78 K. Estimated from the Fourier transformed STM image, the interdot capacitance between the PbSe QDs is two orders of magnitude larger than both the tip-to-array and array-tosubstrate capacitances, leading to a strong interdot coupling and a long screening length. The characteristic I -V of the QD array is analyzed in accordance with the collective Coulomb blockade effect and fitted with the scaling power law I ∝ (V − V th ) ζ of the Middleton-Wingreen model to extract threshold voltages V th and the scaling exponents ζ . The size dependence of the threshold voltage V th and the scaling exponent ζ demonstrates a drop in V th and a rise in ζ when the QD number increases from 1 to 80. Meanwhile, a saturation tendency for arrays with QD numbers greater than 100 has been perceived both in V th and ζ for data acquired at 78 K. An enhancement in the collective behavior of interdot couplings through the addition of PbSe QDs has been explored. Additionally, a decrease in the Coulomb blocking voltage (V th ) and an increase in conduction channels (ζ ) in the PbSe QD arrays have been experimentally established to be consistent with the theoretical model.
